The microbiological effects of biocidal products used for the enhancement of oral hygiene relate to the active compound(s) as well as other formulation components. Here, we test the specificities of selected actives in the absence of multiple excipients. Salivary ecosystems were maintained in tissue culture plate-based hydroxyapatite disc models (HDMs) and modified drip-flow biofilm reactors (MDFRs). Test compounds stannous fluoride (SF), SDS, triclosan (TCS), zinc lactate (ZL) and ZL with SF in combination (ZLSF) were delivered to the HDMs once and four times daily for 6 days to MDFRs. Plaques were characterized by differential viable counting and PCR-denaturing gradient gel electrophoresis (DGGE). TCS and SDS were the most effective compounds against HDM plaques, significantly reducing total viable counts (P,0.05), whilst SF, ZL and ZLSF were comparatively ineffective. TCS exhibited specificity for streptococci (P,0.01) and Gram-negative anaerobes (P,0.01) following a single dosing and also on repeated dosing in MDFRs. In contrast to single exposures, multiple dosing with ZLSF also significantly reduced all bacterial groups, whilst SF and ZL caused significant but transient reductions. According to PCR-DGGE analyses, significant (P,0.05) reductions in eubacterial diversity occurred following 6 day dosing with both TCS and ZLSF. Concordance of MDFR eubacterial profiles with salivary inocula ranged between 58 and 97 %. TCS and ZL(SF) exhibited similar specificities to those reported for formulations. TCS was the most potent antibacterial, after single and multiple dosage regimens.
INTRODUCTION
Regimens for the routine control of dental plaque include the use of formulations that are commonly augmented with active antimicrobial compounds in order to enhance the inactivation and/or removal of adherent bacteria (for a review see Marsh, 1991) . Clinically effective agents generally manifest significant inhibitory activity against oral bacteria, possess properties suited to the production of stable formulations and exhibit substantivity (sustained in situ antimicrobial activity) (Elworthy et al., 1996; Marsh, 1992) . Compounds that have demonstrated clinical efficacy in controlling dental plaque include metal ions such as stannous fluoride (SF) (Weiland et al., 2008) and zinc lactate (ZL) (Barnes et al., 2008) together with antimicrobials such as triclosan (TCS) (2,4,4'-trichloro-29-hydroxydiphenyl ether) . SDS, a common ingredient in dentifrices, is a foaming agent that also has antibacterial properties (Jenkins et al., 1991) . The oral microbiota is a taxonomically diverse bacterial ecosystem and is estimated to contain several hundred phylogenetically distinct species based on 16S rRNA gene analyses (Bik et al., 2010; Paster et al., 2001) , less than half of which have been cultured (Paster et al., 2001) . Whilst routine bacterial cultivation with variously selective media targets a limited proportion of this diverse population, these include numerically and functionally important bacteria (Paster et al., 2001) . Much of the current understanding of the effectiveness of dental antimicrobials has been based on measurable clinical benefits, such as the reduction of caries and the control of gum inflammation, and on the microbiology, in terms of effects on total numbers of cultivable bacteria. In vitro studies have enabled insights to be gained about the comparative effectiveness and specificity of formulations for important functional groups of bacteria, and avoid issues of compliance whilst minimizing variation. and the majority of investigations into their effects on complex plaques either in vivo or in vitro have been done using formulations, the understanding of the contributions of active components would be further enhanced by determining the antibacterial and microbiological effects of the actives in the absence of excipients. The aim of the current investigation, therefore, was to comparatively evaluate the antimicrobial activity and specificity of actives utilized in widely used oral hygiene formulations. These were SDS, SF, TCS, ZL and ZL with SF in combination (ZLSF). Two types of biofilm model were utilized: a hydroxyapatite disc model (HDM) (Ledder et al., 2009) and the modified drip-flow biofilm reactor (MDFR) (Xu et al., 1998) . The HDM is amenable to high throughput antimicrobial assays and was utilized to dose immature plaques, whilst the MDFR is a proprietary system that supports biofilms on microscope slides by continuous drip-feeding and thus enables the effects of sustained dosing of mature plaques to be monitored. Both systems provide information about the comparative efficacy and specificity of the actives against various functional groups of oral bacteria: HDMs in short-term experiments and MDFRs generally for longer durations. In the current study, differential viable counting was used to enumerate important functional groups of oral bacteria and in order to confirm the stable maintenance of inoculum diversity in the MDFRs and the effects of the primary active systems; the effects of TCS and ZLSF were also monitored using eubacterial-specific PCR-denaturing gradient gel electrophoresis (DGGE).
METHODS
Chemicals. Unless otherwise stated, chemicals were obtained from Sigma. Formulated bacteriological media were purchased from Oxoid. Hydroxyapatite (HA) disc and HA-coated slides were obtained from Clarkson Chromatography.
Saliva samples. These were obtained by expectoration into a sterile Universal bottle over the course of 30 min by two volunteers (1 male, 1 female) who did not have extant dental disease. Collected saliva was used to inoculate models, as outlined below.
HDMs. Individual saliva (1 ml) was dispensed into each of 8 wells of a sterile 24-well tissue culture plate within 20 min of collection. HA discs (9.6 mm diameter) were sterilized by autoclaving then transferred aseptically into the wells. Inoculated plates were mounted onto an orbital shaker and continuously mixed gently at 144 oscillations min 21 in a mark 3 anaerobic work station (Don Whitley Scientific) (with the following gas mix: 80 % N 2 , 10 % CO 2 and 10 % H 2 ) for 12 h at 37 uC. After this time, antimicrobial agents were added as described below. For enumeration, an HA disc was aseptically removed from the tissue culture plate and processed as outlined below.
Drip-flow biofilm reactors. For multiple exposure experiments, MDFRs (Biosurfaces Technologies) (Xu et al., 1998) were used to generate biofilm microcosms using human saliva as inocula. Each MDFR module delivered a drop-wise, continuous flow of medium over four HA-coated slides (75 mm625 mm) housed in separate parallel channels, each of which measures 102 mm630 mm. Each polycarbonate chamber is fitted with an individual removable lid.
During operation, the reactors were placed on feet that allowed an incline to be set at an angle of 10u from the horizontal to facilitate media flow over the substrata. Before each experimental run the reactors were autoclaved with HA slides in situ. Temperature (36±0.5 uC) was maintained by housing the devices within a Perspex incubation chamber (Stuart Scientific). Prior to inoculation, the HA slides were conditioned for 24 h with culture medium, which was continuously added to each reactor by a peristaltic pump (9.6±0.2 ml h 21 ; Watson Marlow). The growth medium comprised a modified artificial saliva medium with cysteine (McBain et al., 2003b) . Medium pumps were switched off during inoculation where 500 ml fresh saliva was added to each slide. Fresh portions of the inocula were archived at 260 uC for subsequent PCR-DGGE analysis and samples of developed microcosm plaques were removed for immediate bacteriological analyses or stored at 280 uC. For sampling, one slide was removed from each module on days 1, 2, 3 and 6 after dosing commenced.
Addition of antimicrobial agents to microcosms. Antimicrobial agents were prepared in sterile distilled water at concentrations used in dentifrice formulations as follows: TCS suspension (0.30 % w/v), SDS (1.00 % w/v), ZL (2.50 % w/v) and SF (0.45 % w/v). Antimicrobials (500 ml) (or sterile distilled water for control discs) were delivered to each well of the HDMs (n53) for 20 min, without removing the tissue culture plate from the shaker and experiments were performed in triplicate using previously reported methods (Ledder et al., 2009) . Prior to the addition of antimicrobial agents the MDFRs (n54) were run for 24 h after which the reactors received SF, SDS, TCS, ZLSF, ZL or sterile distilled water (control) every 6 h over 6 days by peristaltic pump at a rate of 8 ml h 21 for 10 min.
Differential bacteriological enumeration. HA discs were aseptically removed from the tissue culture plate of the HDMs for enumeration before being gently washed by a single, rapid immersion PBS in order to remove excess medium and dosed components. Samples from the MDFRs were similarly treated and biomass was sampled by scraping and washing as outlined by Goeres et al. (2009) . The removed biofilm or disc was immersed in pre-reduced, halfstrength thioglycolate medium (9 ml, United States Pharmacopeia) and vortexed thoroughly for 1 min. Samples were then serially diluted and appropriate dilutions (0.1 ml) were plated in triplicate onto a variety of selective and non-selective media as follows: WikinsChalgren agar (total anaerobes), Wilkins-Chalgren agar with Gramnegative supplements (total Gram-negative anaerobes); trypticase yeast extract, cysteine, sucrose agar (total streptococci) and nutrient agar (total aerobes and facultative anaerobes). Immediately after plating these were placed in an anaerobic chamber (as described above) and maintained at 37 uC for up to 5 days, except for nutrient agar, which was incubated aerobically for 3 days. Portions of biofilm from the MDFRs were archived at 260 uC for subsequent PCR-DGGE analysis.
Eubacterial community profiling using PCR-DGGE. DNA was extracted from the archived MDFR samples using a DNA stool mini kit (Qiagen) in accordance with the manufacturer's instructions for analysis by PCR-DGGE as previously described (McBain et al., 2003b) . Resolved bands, representative of unique band positions were excised from the polyacrylamide gels and sequenced for identification using previous published methods (Ledder et al., 2007) .
Dendrogram construction for cluster analysis. Gel images were processed using Adobe Photoshop Elements version 7 and analysed using the BioNumerics Fingerprint package (Applied Maths). The bands present in each lane were detected automatically and then checked manually. A reference lane was created using bands present in each lane to generate matching profiles. The matching profiles for each lane were used to produce an UPGMA (Sneath & Sokal, 1973) dendrogram so that clustering patterns could be determined.
Statistical analyses. For analyses of viable count data Students t-test was used to determine whether the effects of the antimicrobials in the microcosms were significant. For this, data were arranged in tables and subjected to a Microsoft Excel macro. Eubacterial diversity within PCR-DGGE consortial profiles was assessed using the Shannon-Weaver index of diversity (H') (Ledder et al., 2007; Gafan et al., 2005) according to the following equation:
where s is the number of species (species richness) and p i is the proportion of species in the sample i. H9 was calculated for controls over time and also for plaques dosed with TCS and ZLSF. The MannWhitney U test was then performed on selected samples using SPSS version 11.5.
RESULTS AND DISCUSSION
In the current investigation, differential culture and PCR-DGGE were used to monitor ecological changes caused by selected active compounds commonly used in dentifrices within two distinct oral biofilm microcosm systems. Whilst differential isolation is a well-established method for the enumeration of major functional or taxonomic groups of oral bacteria such as the Gram-negative anaerobes and streptococci, PCR-DGGE can be used to (i) produce corroborative data, (ii) assess the temporal stability and compositional concordance of microcosm plaques with progenitor consortia (i.e. salivary inocula) and (iii) facilitate the statistical and comparative assessment of antimicrobial effects of various treatments.
Single dosing of HDM plaques
HDMs have previously been validated for dosing studies on salivary microcosm biofilms and represent a useful system for concomitantly dosing multiple plaques (Ledder et al., 2009) . Fig. 1 shows the effects of a single 20 min exposure to the test compounds on relatively immature plaques grown in HDMs. Following this dosing regime, only SDS and TCS caused significant reductions in bacterial counts, which was manifested for total facultative anaerobes, total anaerobes, and particularly for streptococci and Gramnegative anaerobes, where substantial decreases in viability occurred in comparison to the controls. In contrast, ZL, SF, ZLSF did not significantly decrease counts of any of the taxonomic/functional groups measured in comparison to the controls. Whilst the rapid antibacterial effectiveness associated with TCS and SDS is a desirable property for oral hygiene agents, dentifrices are normally used frequently, and accordingly MDFR plaques were dosed over 6 days in order to compare short and medium-term effects.
Characterization of MDFR plaques
The MDFR is a proprietary biofilm reactor that uses plain or variously coated microscope slides as substrata for the maintenance of biofilms that are drip-fed with growth medium and may be similarly dosed. The system was developed for the growth of biofilms under slow laminar fluid flow close to the air-liquid interface and has been validated by Goeres et al. (2009) for this purpose using pure cultures of Pseudomonas aeruginosa. It has also been evaluated in comparison to the Centers for Disease Control and Prevention biofilm reactor for use in biofilm disinfectant efficacy tests with axenic cultures of P. aeruginosa and Staphylococcus aureus (Buckingham-Meyer et al., 2007) . Published reports of the use of MDFRs for dental applications are apparently limited to a brushing study that used pure cultures of the cariogenic oral bacterium Streptococcus mutans (Adams et al., 2002) . Therefore, to the best of our knowledge the current investigation is the first to report the use of MDFRs for the continuous culture and antimicrobial treatment of salivary microcosms. HA-coated slides were used as substrata, which was therefore essentially the same material as the discs used in the HDMs. In order to maximize the maintenance of bacterial diversity present in the inoculum, a previously validated mucin-containing growth medium was utilized that had previously supported stable complex , 2005) . In order to objectively compare the eubacterial profiles of three randomly selected MDFR microcosms with the salivary inocula from which they developed, dendrograms were constructed from eubacterial-specific PCR-DGGE fingerprints (data not shown). According to these analyses, concordance of microcosms with their corresponding inocula ranged between 58 and 97 %, which indicates that a variable proportion of salivary taxa were supported in the model systems during different experimental runs. This variability is greater than data similarly generated with MSDs, where concordance ranged from 70 to 90 % (Ledder et al., 2006; McBain et al., 2005) , and may relate to the relatively large surface area of MDFR substrata, together with aerial heterogeneity ). An additional consideration when assessing the relevance of microcosm model systems for antimicrobial dosing is that steady states should be achieved before dosing. In this respect, the DGGE analyses showed reasonable congruence in control samples over 6 days of continuous culture, which were not significantly different with respect to ecological diversity according to the Mann-Whitney U test (data not shown).
Effects of multiple dosing on MDFR plaques
The experimental approach adopted in the current study has been outlined in a previous investigation where it was established that individual inocula reproduce much of the inter-individual variation in the salivary eubacterial communities (Ledder et al., 2006) . Whilst in vitro dosing regimes do not necessarily precisely reproduce the dynamics and inter-individual variability of human use, the box plots in Figs 2-5 do give an indication of consortial responses to dosing, similar to those that would occur in situ. Bacteriological data generated after multiple exposures of MDFRs to the test agents (Figs 2-5) show that as with HDM plaques (Fig. 1) , TCS was the most consistently effective active tested with respect to the amplitude of viability reductions, and caused significant (P,0.01) reductions for all taxonomic or functional groups [i.e. total facultative anaerobe counts (Fig. 2) , total anaerobes (Fig. 3) , streptococci (Fig. 4) and Gram-negative anaerobes ( Fig. 5) ] tested at all time points. The inhibitory activity of TCS against streptococci and Gram-negative anaerobes was particularly marked, and TCS was the only individual active tested that maintained a significant (P,0.01) decrease in the Gram-negative anaerobes throughout the test period in MDFRs (Fig. 5) , whilst SDS and ZLSF were also effective, particularly at day 6 (Fig. 5) . Since all of the currently known periodontal pathogens are Gram-negative anaerobes (Socransky et al., 1998) , this functional group of oral bacteria is a key target group for oral hygiene, and dentifrices containing TCS have previously been reported to significantly reduce gingivitis and periodontitis (Panagakos et al., 2005; Volpe et al., 1996) . Other reports concerning the substantial anti-anaerobe effects of TCS and its specificity for Gram-negative anaerobes have most often utilized TCS within complex formulations (Jones et al., 1990; McBain et al., 2003b; Saunders et al., 2000a; Zambon et al., 1990) . Saunders and colleagues (Saunders et al., 2000b) , however, investigated the ecological effects of TCS and TCS monophosphate using a planktonic, continuous culture microcosm model that simulated caries-like and periodontal disease-like conditions, and reported that Gram-negative anaerobes including Fusobacterium sp. were markedly inhibited in periodontal disease-like microcosms by both forms of TCS.
In contrast to single dosing (Fig. 1 ), repeated dosing with ZLSF, ZL and SF caused significant reductions in bacterial viability. For ZLSF these were significant (P,0.01) for all test groups of bacteria (Figs 2-5 ). Whilst data ranges indicate considerable run-to-run variation, mean bacterial reductions caused by ZLSF were generally less marked than those for TCS for the majority of bacterial groups and time points, apart from facultative anaerobes for which mean values were lowered more by ZLSF at days 3 and 6 (Fig. 2) . Whilst SF caused a significant, but shortterm reduction in streptococci on day 1 and 2 ( Fig. 4) , bacterial reductions caused by ZL and SF individually were inconsistent: being less marked than for the other actives and variable with time. Overall, therefore, ZL and SF were the least effective compounds tested with respect to antibacterial and antiplaque effects. Formulations incorporating SF have been previously reported to be cariostatic, an effect that is reportedly achieved directly by means of enhanced enamel remineralization, by inhibiting the production of acid by oral streptococci (Rolla & Ellingsen, 1994; Svanberg & Rolla, 1982) and also presumably through direct antibacterial effects (Addy et al., 1997) . Data generated in the current investigation suggest that any antibacterial effects of SF might be manifested more strongly in the oral streptococci than in other functional groups of bacteria, e.g. the Gramnegative anaerobes, and are therefore in agreement with published observations for SF formulations. This effect was not maintained throughout the test period, suggesting that optimal antimicrobial activities of ZL and SF would require multiple dosing and that SF may exhibit reduced effectiveness against mature plaques. Marked antibacterial effects for ZL and SF were not, however, replicated in the HDMs (Fig. 1) either alone or in combination. The anticaries properties of the zinc ion have been attributed to its ability to increase the pH of dental plaque by inhibiting the glycolytic pathway (He et al., 2002) . Previous studies have shown that when zinc and fluoride are used in combination they exert a synergistic effect on the inhibition of glycolysis (Izaguirre-Fernández et al., 1989) . Additivity between the tin ion and fluoride may explain the bactericidal effects of ZLSF observed in all functional groups of bacteria studied in this experiment compared to either compound individually (Figs 1-5 ). Consortial profiling with eubacterial-specific PCR-DGGE PCR-DGGE enables ecological shifts to be monitored visually, revealing changes in overall diversity that would be difficult to ascertain if analysis were restricted to counting colonies on a limited number of differential agars.
It also provides the opportunity to monitor taxa that might not be readily amenable to culture. Both PCR-DGGE and differential viable counting have inherent strengths and weaknesses; culture is biased towards organisms best able to form colonies on agar surfaces whilst PCR-DGGE detects bands that are most amenable to amplification in the competitive PCRs associated with consortial templates. Representative eubacterial profiles generated by PCR-DGGE (data not shown) indicate that plaques were stable (i.e. did not significantly vary over time) in terms of total diversity indexes in the absence of dosing (Shannon Weaver index for control plaques was 3.46 (day 1), 3.26 (day 2), 3.33 (day 3) and 3.15 (day 6). Since TCS and ZLSF represent ingredients that are used in dentifrice formulations, their effects on MDFR plaques were additionally assessed by PCR-DGGE. Profiles indicated that both ingredients caused major reductions in bacterial diversity that became statistically significant (P,0.05) after 6 days, according to the Mann-Whitney U test. Putative identities of major PCR amplicons indicated that MDFR plaques were dominated by facultative anaerobes, e.g. Actinomyces sp., Citrobacter freundii and Streptococcus sp., together with aerobic species such as Neisseria sp. PCR-DGGE analyses did not reveal a preponderance of strict anaerobes, which, whilst present in the sequences and as indicated by differential bacterial counting, may not have been numerically dominant (data not shown). This contrasts with previous studies using CDFFs (McBain et al., 2003b) and MSDs (McBain et al., 2005) , and may be explainable based on the design of the model whereby plaques develop on a flat, open surface. In CDFFs, substrata are commonly set to about 200 mm depths and MDS utilize 20 mm long cellulose filters. This may accelerate the development of the reduced conditions required for the maintenance of anaerobic bacteria within otherwise aerobic environments (Bradshaw et al., 1996; ). It could be argued, therefore, that unless operated in an anaerobic chamber, MDFRs are most suited to modelling supragingival plaque, being largely aerobic and relying on aggregative protection and oxygen gradients to provide anaerobic microenvironments (Bradshaw et al., 1998) .
Summary
Data generated in this investigation have demonstrated that the hierarchy of activity of the tested actives against ex situ plaques was as follows: TCS.SDS.ZLSF.SF.ZL. TCS caused significant reductions in numbers of all groups of bacteria analysed by culture after both single and multiple treatments in complex eubacterial communities. ZLSF also caused significant reductions in numbers of bacteria recovered by culture, but only after multiple dosing. These effects were only infrequently replicated when SF and ZL were dosed individually in MDFRs. Whilst SF was relatively ineffective, it caused significant but short-term reductions in the oral streptococci in MDFR experiments. ZL and SF individually were ineffective following a single 20 min dosing in HDMs, suggesting that these antimicrobials may require repeated dosing in order to accumulate effective levels within plaques or to exert biologically significant effects in target bacteria. PCR-DGGE analyses of MDFR plaques indicated that: (i) the concordance of MDFR eubacterial profiles to saliva inocula ranged between 58 and 97 %, (ii) both TCS and ZLSF caused a reduction in bacterial diversity and (iii) the specificities and comparative efficiencies of the actives tested were broadly congruent with those of previous reports.
